The growing prevalence of overeating disorders is a key contributor to the worldwide obesity epidemic. Dysfunction of particular neural circuits may trigger deviations from adaptive feeding behaviors. The lateral hypothalamus (LH) is a crucial neural substrate for motivated behavior including feeding, but the precise functional neurocircuitry that controls LH neuronal activity to engage feeding has not been defined. We observed that inhibitory synaptic inputs from the extended amygdala preferentially innervate and suppress the activity of LH glutamatergic neurons to control food intake. These findings help explain how dysregulated activity at a number of unique nodes can result in a cascading failure within a defined brain network to produce maladaptive feeding.
The bed nucleus of the stria terminalis (BNST), a neural component of the extended amygdala (7) , is a key integrator of diverse motivational states through its interactions with various synaptic targets, including the ventral tegmental area (VTA) (8) and the LH (9) . The BNST is comprised primarily of GABAergic cells (10) and consumption of food activates BNST neurons (11) . Therefore, we considered the BNST and its inhibitory projections to the LH as an important candidate for regulating feeding. We targeted a Cre-inducible viral construct coding for Channelrhodopsin-2 fused to enhanced yellow fluorescent protein (ChR2-eYFP) into the BNST of Vgat-ires-Cre mice and positioned optical fibers above the LH for in vivo photostimulation of Vgat BNST➝LH projection fibers (Fig. 1, A to E and fig.  S1 ). Optogenetic activation of this inhibitory pathway rapidly produced voracious feeding behavior in well-fed mice (Fig. 1, F to I, and fig. S2 and movie S1). We explored the motivational valence of this pathway by testing mice in real-time place preference and selfstimulation assays (Supplementary Methods). Vgat BNST➝LH ∷ChR2 mice exhibited a significant place preference for a photostimulation-paired chamber (Fig. 1J and fig. S2 ) and actively nose poked for photoactivation of the circuit. Food deprivation significantly augmented, while satiety significantly attenuated Vgat BNST➝LH ∷ChR2 self-stimulation ( Fig. 1K and fig. S2 ). The evoked feeding response was specific to the Vgat BNST➝LH pathway. Photoactivation of Vgat BNST➝VTA projections did not elicit feeding behavior (figs. S3 and S4).
Because high-caloric diets can facilitate overeating (12), we determined whether consumption induced by Vgat BNST➝LH circuit activation was directed towards palatable energy-dense foods (Supplementary Methods). Well-fed Vgat BNST➝LH ∷ChR2 mice showed a strong preference for high-fat food during photostimulation exposure (table S1 and movie S1), suggesting that activation of the Vgat BNST➝LH circuit is sufficient for eliciting feeding that is preferential for calorie-dense substances even when energy requirements are satisfied.
To examine whether endogenous activity of the Vgat BNST➝LH pathway is important for feeding, we transduced BNST-GABAergic neurons ( Fig. 2A) and their axons that innervate the LH (Fig. 2B and fig. S5 ) with the inhibitory opsin, archaerhodopsin (eArch3.0-eYFP) (13, 14) . Suppression of presynaptic BNST-GABAergic signaling via eArch3.0 activation resulted in enhanced LH-postsynaptic neuronal activity during anesthetized extracellular recordings (Fig. 2 , C to E). Despite the influence of hunger, photoinhibition of the Vgat BNST➝LH circuit reduced feeding in food-deprived mice (Fig. 2 , F to J, and fig. S6 ). Furthermore, photoinhibition of Vgat BNST➝LH projections led to a significant avoidance of a photoinhibition-paired chamber ( Fig. 2K and fig. S6 ).
The hypothalamus contains numerous genetically distinct neuronal populations (15) (16) (17) (18) (19) (20) (21) . We thus characterized the molecular phenotype of the postsynaptic LH neuronal targets that receive functional Vgat BNST➝LH innervation. We paired photostimulation of Vgat BNST➝LH inputs with whole-cell recordings in conjunction with multiplexed gene expression profiling of individual LH neurons in brain slices (Fig. 3A, Supplementary Methods) . We focused on a set of genes known to be heterogeneously expressed in the LH and whose products have been implicated in feeding (22) . BNST-GABAergic inputs formed strong functional connections with postsynaptic LH neurons that expressed significantly higher levels of Vglut2. In contrast, weakly innervated LH neurons displayed significantly lower levels of Vglut2 and higher levels of Vgat expression (Fig. 3, B and C, and fig. S7 , and table S2).
We confirmed these findings by utilizing modified rabies virus tracing techniques to identify the monosynaptic inputs to glutamatergic and GABAergic neurons in the LH (Fig. 3D) . In Vglut2-ires-Cre and Vgat-ires-Cre mice, we targeted Cre-inducible TVA (AAV5-FLEX-TVA-mCherry) and RG (AAV8-FLEX-RG) proteins that allow for rabies virus infection and subsequent transsynaptic viral propagation, respectively (23, 24) , to LH-glutamatergic or -GABAergic neurons. Two weeks after AAV transduction, the modified rabies virus, SADΔG-GFP(EnvA), was injected into the LH, and BNST-containing slices were obtained 7 days later for confocal imaging. Vglut2 LH ∷Rabies tracing revealed dense populations of transsynaptically labeled BNST neurons (Fig. 3, E and F) , while Vgat LH ∷Rabies tracing resulted in minimal BNST labeling (Fig. 3, G to I, and fig. S8 ).
Because BNST-GABAergic projection neurons promote feeding and selectively target LH glutamatergic neurons, we considered Vglut2 LH neurons as a critical downstream circuit node for regulating food intake. Photoactivation of Vglut2 LH neurons (Fig. 4A and fig. S9 ) suppressed feeding in food-deprived mice (Fig. 4, B to F, and fig. S10 ), while photoinhibition of Vglut2 LH neurons induced feeding in well-fed mice (figs. S11 to S13). Photostimulation of Vglut2 LH neurons produced aversion ( Fig. 4G and fig. S10 ) and Vglut2 LH inhibition produced a preference for palatable foods (table S1) .
Until now, the precise neurocircuit elements responsible for the feeding and reinforcement phenomena observed five decades ago by electrical stimulation of the LH (1, 2, 25) have remained a mystery. Inhibitory inputs from the BNST specifically innervate and suppress LH glutamatergic neurons to promote feeding. Further unraveling of the specific patterns of gene expression and projection targets of LH glutamatergic neurons could identify novel points for therapeutic intervention within these circuits for the treatment of eating disorders and obesity.
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